braA.nrpe1 ( Figure 1B ), demonstrating that although this mutation has a small effect on total p4-87 siRNA accumulation, it has a strong effect on siRNA production at specific loci. 88
We observed no growth defects associated with loss of RdDM in B. rapa, although 89
braA.nrpe1 plants were somewhat late flowering. All three mutants developed normal flowers 90 and their siliques (seed pods) enlarged following self-fertilization. Mutant siliques, however, 91 remained slightly smaller than wild-type siliques and produced many fewer viable seeds ( Figure  92 2A). The few seeds that were produced from homozygous mutant plants were smaller, lighter, 93 and less uniformly round when compared to wild type seeds ( Figure 2BC ). However, these 94 seeds were viable and produced plants that were indistinguishable from first generation 95 homozygous mutants. Hence, mutant seeds that progressed through embryogenesis went on to 96 have normal vegetative development. These second-generation homozygous mutants produced 97 viable seed at a similar frequency to their first-generation parents, suggesting that there is 98 neither a progressive defect associated with loss of p4-siRNAs nor a compensatory change in 99 seeds produced from p4-siRNA mutants. 100
Careful assessment of seed weight in Arabidopsis braA.nrpd1 mutants uncovered a 101 small but significant reduction in seed weight in each of three different genetic backgrounds 102 ( Figure 2D ). This pattern indicates that p4-siRNAs might have a conserved influence on seed 103 production that varies only in severity between B. rapa and Arabidopsis. 104 mutants, we observed early events during seed development. Upon self-fertilization or manual 106 pollination, mutant siliques elongated rapidly and remained indistinguishable from wild type for 107 at least two weeks. Light microscopy of cleared ovules confirmed that fertilization occurred and 108 that the embryogenesis program began correctly ( Figure 3B ). By day 14 (torpedo stage of 109 embryogenesis), many of the developing mutant seeds were noticeably smaller than wild-type 110 seeds, and smaller and/or shriveled ovules became more abundant as development progressed 111 ( Figure 3A) . By 17 days after fertilization, diverse seed phenotypes were observed in mutant 112 siliques, ranging from clearly aborted to nearly normal ( Figure 3C ). However, even the roundest 113 and plumpest mutant seeds were smaller than age-matched wild-type seeds and contained 114 embryos of diverse sizes and developmental states ( Figure 3D ). Endosperm from mutant seeds 115 was also variable in size and developmental stage. This variability remained evident in mature 116 mutant siliques, which contained a range of aborted seed -from small flecks of completely 117 degenerated seeds to large, but clearly shriveled and unviable seeds. This diversity suggests 118 that in B. rapa, loss of p4-siRNAs or their activity causes asynchronous seed abortion, rather 119 than a defect at one fixed point of development. 120
In Arabidopsis, as in Drosophila, the maternal genotype determines whether small RNAs 121 are produced after fertilization; developing seeds with nrpd1 mothers have strongly reduced p4-122 siRNA expression even when fertilized by wild-type pollen (Mosher et al. 2009; Lu et al. 2012) . 123
To determine whether the reproductive defect in B. rapa is controlled by maternal or zygotic 124 genotype, we reciprocally crossed homozygous mutants to wild type and scored seed 125
production. The genotype of pollen donors had no impact on the seed set, while seed 126 production in a mutant x wild type cross (female genotype listed first in all crosses) was 127 indistinguishable from a mutant x mutant cross ( Figure 4A ). Furthermore, the seeds produced 128 from mutant x wild type crosses were smaller and less round than seeds produced from the 129 reciprocal wild type x mutant cross, indicating that the maternal genotype is responsible for both 130 aspects of the reproductive defect -seed number and seed quality. B. rapa provides an excellent system to determine whether p4-siRNAs are required in the 149 diploid maternal sporophyte, the haploid maternal gametophyte, or both. To address this 150 question, we genotyped progeny from crosses with heterozygous mutants, which have a wild-151 type allele in the sporophyte and in 50% of the resulting gametophytes. A gametophytic defect 152 would result in partial loss of seed production and distortion of the expected allelic ratio in the 153 progeny. Instead, we observed normal seed development and detected the expected 1:1 ratio of 154 alleles in all crosses, indicating that both male and female gametophytes function normally even 155 when carrying a p4-siRNA mutation (Table 1) . Combined with the observation that homozygous 156 mutant mothers have defective seed production, we conclude that the seed production defect is 157 due to loss of p4-siRNA production or activity in the maternal sporophytic tissue, even though 158 the defect manifests after successful gametogenesis and fertilization. 159
The requirement for functional p4-siRNA in maternal sporophytic tissues does not rule 160 out the possibility that p4-siRNAs are also required in zygotic tissues. To measure any defect in 161 seed production due to the zygotic genotype we measured seed production and genotypes in 162 crosses between heterozygous mothers and homozygous mutant fathers. Seed production was 163 normal and resulted in equal development of heterozygous and homozygous mutant progeny, 164 confirming that seed abortion is controlled solely by maternal sporophytic genotype (Table 1) . 165
Our analysis of B. rapa mutants demonstrates that p4-siRNA production or activity is 166 required in B. rapa maternal sporophytic tissue for successful seed development. This is 167 reminiscent of the maternal sporophytic requirement for NRPD2 (the second subunit of Pol IV 168 and V) for suppression of maternally-transmitted EVADE retroelements before meiosis in 169
Arabidopsis (Reinders et al. 2013) . While it is possible that seed abortion in B. rapa RdDM 170 mutants is due to transposition of reactivated elements before meiosis or gametogenesis, we 171 think this hypothesis is unlikely to be correct because we observe normal gametogenesis, 172 fertilization, and early embryogenesis in RdDM mutant mothers ( Figure 3B) . It is also possible 173 that RdDM is required specifically during integument development, however it is not clear why 174 epigenetic control of transposons would be important specifically in this tissue. To assess embryogenesis, seeds were manually dissected at 17 days after fertilization, 206 or were cleared as described in (Wang et al.) . B. rapa and Arabidopsis seed weight was 207 measured from seed that had dried for at least four weeks. B. rapa seeds were measuring in 208 pools of 5, while Arabidopsis seeds were measured in pools of 10. 209
210
Small RNA sequencing and analysis. Unfertilized ovules from braA. nrpd1.a-2, braA.rdr2.a-2,  211 and braA.nrpe1.a-1 were collected less than 24 hours prior to anthesis and total RNA was 212 prepared in a method adapted from (White and Kaper 1989) . Briefly, frozen tissue was ground 213 to a fine powder and mixed with at least 5 volumes of extraction buffer (100 mM Glycine, 10 mM 214 EDTA, 100 mM NaCl, 2% SDS, pH 9.5), prior to organic extraction and precipitation. Small Table 2 ). In all cases, 226 no mismatches were allowed in alignments. Size profiles of independent replicates were similar, 227 and therefore replicates were pooled for further analyses. Table 3 ). Genome-specific reads were defined as reads with a perfect match in 237 only one of the two parental genomes. 238
Small RNA sequence data were deposited at the NCBI Short Read Archive (SRA) under 239 accession numbers SRP114437 (RdDM mutants) and SRP114469 (intraspecific crosses). 240 241 
